There is a limited amount of dental research which is focused on the aforementioned aspects. In a finite element (FE) analysis, a large structure is divided into a number of small simple shaped elements, for which individual deformation (strain and stress) can be more easily calculated than for the whole undivided large structure. Using the traditional biophysical knowledge database in a rational validation process 1) , the use of FE analysis in the dental field has been significantly refined during the last decade 2-9) . However, fixed prosthesis cannot be assimilated to a simplified geometric representation due to both their anatomical shape and layered structure. Sophisticated techniques have therefore been developed to refine geometry acquisition, such as the recreation and digitization of planar outlines. In general, a 3D FE modeling is a complicated process which is often the most time-consuming for the scientists. In addition, this process is prone to errors and simplifications which may induce faulty predictions. Hybrid composite are clinically applicable to inlays, onlays，crowns and by the recent experiences of fiber reinforced composites (FRC) composite resins have created a new era in metal-free, esthetic dentistry 10-13) . (Figure 1 and 2) The most commonly used FRC contains continuous unidirectional glass fibers, typically E (electrical) glass embedded in dimethacrylate or semi-IPN (interpenetrating polymer network) matrix of dimethacrylate and polymethylmethacrylate. Flexural modulus of metal alloys is generally higher than that of FRC. However, there are differences in flexural modulus between FRC as well. Highly cross-linked polymer matrix made of dimetharylates provides higher flexural modulus for FRC than obtained with semi-IPN matrix with similar fibers. It has been suggested that there are two factors which explain the better clinical function of FRC FPD compared to their metal alloy framework counterparts. Firstly, there are studies showing that composite resins adhere initially better to the FRC framework with semi-IPN matrix than to the metal alloys. The clinical applications for FRC have been investigated from different points of view in terms of the quantity of fiber for reinforcement, matrix coupling, biocompatibility, fatigue property, the type of fiber and bending strength with various testing methods [14][15][16][17][18][19][20][21][22][23][24][25][26][27] . Designs for fiber framework for posterior FPD have been extensively investigated using FE method and FE analysis, clarifying that the reinforcement effects differ and depend on the position of the fiber framework 8,28) . The structure of framework of FRC FPD consists of (1) main framework which supports the FPD against vertical loads, (2) Bonding wings or full-coverage crowns on abutments which increase resistance against dislodgement, and (3) of additional fibers placed to support pontic against delamination. In anterior region, curving the main framework labially could provide alternative for using additional fibers. Anterior and posterior teeth play different roles in masticatory movement. While chewing, the maxillary and mandibular anterior teeth come into contact in the edge-to-edge occlusal position, after a sliding movement on the lingual surface, and then progress into the intercuspal position. Prosthetic appliances placed in the anterior region are subjected to the influence of the diverse occlusal contacts of maxillary and mandibular teeth, as well as to the occlusal force of the masticatory movement. Due to the different crown contours and loading conditions, the mechanical behavior of FRC-FPD in the anterior region is quite different from that of the posterior region. The present study investigated the design of FRC framework in order to obtain it's maximum reinforcement effect for anterior and posterior FRC FPD. 
Background
There is a limited amount of dental research which is focused on the aforementioned aspects. In a finite element (FE) analysis, a large structure is divided into a number of small simple shaped elements, for which individual deformation (strain and stress) can be more easily calculated than for the whole undivided large structure. Using the traditional biophysical knowledge database in a rational validation process 1) , the use of FE analysis in the dental field has been significantly refined during the last decade [2] [3] [4] [5] [6] [7] [8] [9] . However, fixed prosthesis cannot be assimilated to a simplified geometric representation due to both their anatomical shape and layered structure. Sophisticated techniques have therefore been developed to refine geometry acquisition, such as the recreation and digitization of planar outlines. In general, a 3D FE modeling is a complicated process which is often the most time-consuming for the scientists. In addition, this process is prone to errors and simplifications which may induce faulty predictions. Hybrid composite are clinically applicable to inlays, onlays，crowns and by the recent experiences of fiber reinforced composites (FRC) composite resins have created a new era in metal-free, esthetic dentistry [10] [11] [12] [13] . (Figure 1 and 2) The most commonly used FRC contains continuous unidirectional glass fibers, typically E (electrical) glass embedded in dimethacrylate or semi-IPN (interpenetrating polymer network) matrix of dimethacrylate and polymethylmethacrylate. Flexural modulus of metal alloys is generally higher than that of FRC. However, there are differences in flexural modulus between FRC as well. Highly cross-linked polymer matrix made of dimetharylates provides higher flexural modulus for FRC than obtained with semi-IPN matrix with similar fibers. It has been suggested that there are two factors which explain the better clinical function of FRC FPD compared to their metal alloy framework counterparts. Firstly, there are studies showing that composite resins adhere initially better to the FRC framework with semi-IPN matrix than to the metal alloys. The clinical applications for FRC have been investigated from different points of view in terms of the quantity of fiber for reinforcement, matrix coupling, biocompatibility, fatigue property, the type of fiber and bending strength with various testing methods [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Designs for fiber framework for posterior FPD have been extensively investigated using FE method and FE analysis, clarifying that the reinforcement effects differ and depend on the position of the fiber framework 8, 28) . The structure of framework of FRC FPD consists of (1) main framework which supports the FPD against vertical loads, (2) Bonding wings or full-coverage crowns on abutments which increase resistance against dislodgement, and (3) of additional fibers placed to support pontic against delamination. In anterior region, curving the main framework labially could provide alternative for using additional fibers. Anterior and posterior teeth play different roles in masticatory movement. While chewing, the maxillary and mandibular anterior teeth come into contact in the edge-to-edge occlusal position, after a sliding movement on the lingual surface, and then progress into the intercuspal position. Prosthetic appliances placed in the anterior region are subjected to the influence of the diverse occlusal contacts of maxillary and mandibular teeth, as well as to the occlusal force of the masticatory movement. Due to the different crown contours and loading conditions, the mechanical behavior of FRC-FPD in the anterior region is quite different from that of the posterior region. The present study investigated the design of FRC framework in order to obtain it's maximum reinforcement effect for anterior and posterior FRC FPD. 
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Mechanical approach for designing of an anterior FRC FPD Introduction
The optimal design of an FRC framework was obtained the maximum reinforcement for anterior FPD. FRC frameworks were designed using three different variations in the pontic. The results were compared with the control, a hybrid composite FPD without any fiber reinforcement, using the 3-D FE method.
Materials and Methods Definition of structures: Preparation of the C-FPD FE Model
To create an FE model, a three-unit FPD replica of the maxillary right central incisor to maxillary right canine replacing the maxillary right lateral incisor was fabricated. The replica (D51-SC41, Nisshin) was made in accordance with the Textbook of Dental Anatomy 29) and the following anatomic measurements were used: mesiodistal distance of the FPD (23.5 mm) and crown length (11.0 mm). Preparation designs are shown in Figure 3 . A 1mm circumferential reduction shoulder preparation and a 2-mm incisal reduction were prepared for an assumed jacket crown. Because cementum, periodontal regiment, and alveolar bone were thought to have only a slight influence on the magnitude and distribution of stresses, they were ignored and a complete FPD-abutment interface was established.30-33) A replica was measured at 0.25-mm intervals using a 3-D dental computer-aided design unit (Dental Cadim, ADVANCE) and the contact scanning method. The preprocessor of an FE analysis program (ANSYS 10.0, ANSYS) generated point clouds describing the replica surface, which were used as input data for the FE model (Figure 4 ). 
Preparation of the FRC-FPD FE Models
The FRC-FPD FE models were composed of the C-FPD with an FRC framework (3.0 mm wide by 1.0 mm high). The mesiodistal distance of the FRC framework was constructed to extend from the mesial side of the central incisor distally to the canine, covering both of the abutment teeth. The distance between the labial side of mesiodistal center of the pontic and the fiber framework was defined as A. Figure 5 shows the radius of curvature (r) varied with the value of A and both connectors. Accordingly, three different FRC-FPD FE models were constructed depending on the radius of curvature obtained: FRC1 (A = 0.5 mm, r = 3.5 mm, labial side, curved line), FRC2 (A = 1.5 mm, r = 5.0mm, at the center, curved line), and FRC3 (A = 3.0 mm, r = 0.0 mm, lingual side, straight line). Figure 6 demonstrates three different curvatures of the FRC framework in the pontic of the FE model (ie, labially, at the center, and lingually). 
Material properties, load case and data processing
The properties of the materials used for this FE analysis are listed in Table 1 . Most of these values were determined according to previous literature surveys.34-38) A hybrid composite with isotropic material properties (Estenia, Kuraray Medical) was used as a veneering material. The FRC framework was constructed from unidirectional glass fiber (everStick,StickTech) with anisotropic material properties. In this FE analysis, orientation of the fiber was set as the x axis. As such, material properties of the fiber framework in the x axis were set to have higher values (46 GPa), whereas in the y and z axes they were to have lower values (7GPa), thus representing the anisotropic properties( Figure 7 ). Table 1 . Material properties [34] [35] [36] [37] [38] www.intechopen.com
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Fig. 7. A finite element model of glassfiber frame
Hexagonal elements with 20 nodes were selected for the anisotropic fiber framework, whereas tetrahedral elements with 10 nodes represented the isotropic materials. Four different FE models were constructed in this study: C-FPD (49,450 elements; 74,028 nodes), FRC1 (50, 197 elements; 79, 367 nodes), FRC2 (49, 884 elements; 78, 678 nodes), and FRC3 (48, 886 elements; 77, 340 nodes) . As an anisotropic material, the FRC framework offers an exceptionally high elastic modulus along the orientation of the fibers (Table 1) . To exhibit the intrinsic material properties of the glass fiber, a new local coordinate system, in addition to the rectangular coordinate system, with a different point of origin needed to be established. Orientation of the fibers coincided with the major axial direction of the coordinates. Figure 8 shows the boundary and loading conditions of the FRC framework. In the present study, three different loading conditions were used to simulate edge-to-edge occlusion (1), centric occlusion (2), and a deep overbite (3), as observed during occlusion in the anterior region. A lateral load of 154 N was derived from the maximum occlusal force on healthy permanent teeth and was applied to the three different loading points of the pontic at an angle of 135 degrees from the lingual side (ie, 0 mm, 3 mm, and 6 mm from the incisal edge equidistant mesiodistally, each representing loading conditions 1, 2, and 3, respectively). The final element on the x, y, and z axes of the abutment base was assumed fixed, thereby defining the boundary conditions. FE analysis was presumed to be linear static. FE model construction and FE analysis were performed on a PC workstation (Precision Workstation 530, Dell) using ANSYS 10.0.
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Finite element analysis for dental prosthetic design 67 Fig. 8 . Boundary conditions. Condition 1: 0 mm from the incisaledge simulating edge-to-edge occlusion; Condition 2: 3 mm from the incisal edge simulating centric occlusion; Condition 3: 6 mm from the incisal edge simulating a deep overbite. Figure 9 shows the labial view of maximum principal stress and Figure 10 shows displacement values of the C-FPD model under the three different loading conditions. Under condition 1, maximum principal stresses exceeding 100 MPa were distributed to the incisal and gingival embrasures of the mesiodistal connectors, peaking at a value of 240 MPa in the incisal embrasure of the mesial connector. Displacement exceeding 0.026 mm was observed over the entire surface of pontic. Displacement, however, was gradually decreased from the incisal edge to the cervical side of both abutment teeth. Maximum principal stress distribution under condition 1 revealed that the load applied to the cutting edge had caused a bending deformation toward the labial side, which further induced the twisting force toward the labial side rotating around the lower embrsure of the mesiodistal connectors. High stress concentration around the upper embrasure of the connector was mainly generated by two factors: the large displacement of the pontic and the combined effects of both the bending and twisting forces [39] [40] [41] . Under condition 2, maximum principal stresses exceeding 50 to 70 MPa were distributed across the gingival embrasure of the mesial connector, peaking at a value of 56.0 MPa. Displacement exceeding 0.020 to 0.026 mm was observed at the incisal edge of the pontic. Displacement, however, was gradually decreased from the incisal edge to the cervical side of both abutment teeth. Under condition 2, a load applied at the center of the lingual surface (3 mm from the incisal edge) induced less twisting force against the FPD,resulting in small displacement and lower stress values.
Results
Maximum Principal Stress and Displacement of the C-FPD
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Under condition 3, maximum principal stresses exceeding100 MPa were distributed to the gingival embrasure of the mesiodistal connectors, peaking at avalue of 189 MPa in the gingival embrasure of the mesial connector. Displacement exceeding 0.026 mm was observed on the pontic base. Displacement, how-ever, was gradually decreased toward the incisal edge. Under condition 3, a large displacement was observed around the pontic base, which was mainly induced by the turning behavior of the pontic when it rotated around the upper embrasure of the mesiodistal connectors. High stress concentrations around the lower embrasure of the connector might be induced by the twisting behavior with the connector as a fixed point. Concerning displacement of both abutment teeth, displacementwas found to occur only on the side adjacent to the edentulous space. In the C-FPD, a localized high stress concentration was observed in the connector area under all loading conditions, which might be attributable to the isotropic properties of the hybrid composite resin and the intrinsic morphology of the anterior FPD. To meet esthetic and biomechanical requirements, an anterior FPD inevitably possesses irregular and high stress concentrations around the area of the connector. The highest stress distribution was admitted in load condition 1, and the lowest stress distribution was admitted in load condition 3
www.intechopen.com The biggest displacement distribution was admitted in load condition 1, and the smallest displacement distribution was admitted in load condition 3. Figure 11 shows a vector indication of principal stress and an outline of principal stress direction of the C-FPD. In general, the maximum principal stress was oriented from the lingual side to the connector at the abutment tooth under all loading conditions. At the connector, the maximum principal stress was oriented from the marginalridge of the abutment tooth (missing tooth side) to the labial side of the pontic, showing a curvature along the external form of the labial side of the pontic. At the lingual side of the pontic, the maximum principal stress was directed parallel to the external form of the pontic. Maximum principal stress direction patterns from the abutment tooth to the connector,due to the shear force generated from the lingual marginal ridge to the labial side of the pontic, showed a curvature along the lingual side of the abutment tooth and the labial side of the pontic. These FE test results revealed that critical factors such as FPD morphology, loading points, and loading direction greatly affect the stress direction pattern [42] [43] [44] .
Vector Indication of Principal Stress on the C-FPD
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Reduction Ratio of Maximum Principal Stress on the FRC-FPD Models
Stress reduction ratio was calculated based on the difference between the maximum principal stress values of the mesial connector of the C-FPD, which detected the highest values under each loading condition (condition 1: incisal embrasure, condition 2: gingival embrasure, condition 3: gingival embrasure), and the corresponding values of the FRC-FPD models. Table 2 represents the stress reduction ratio of each model with their varying loading conditions. Stress reduction ratiosof the FRC-FPD models in descending order were FRC1, FRC2, and FRC3. The highest stress reduction ratio of 36% was obtained in the combination with loading condition 2 and the FRC1 framework. Figure 12 represents the labiolingual vertical crosssectional view of the mesial connector (recorded highest maximum principal stress value) of the C-FPD and FRC1 framework Finite element analysis for dental prosthetic design 71 models (observed highest stress reduction ratio). Under condition 1, the mesial connector was viewed from the incisal edge, while under conditions 2 and 3, the mesial connector was viewed from the cervical edge. Under condition 1, a high-stress area of more than 100 MPa, which had been observed in the C-FPD, was concentrated at the lowest part of the mesial connector in the FRC1. Furthermore, a 50 to 70 MPa stress area was also reduced compared to the C-FPD. Under condition 2, a 50-to 70-MPa stress area, which had been observed in the C-FPD, was not seen in the FRC1. Moreover, a 30 to 50 MPa stress area was only observed at the lowest part of the mesial connector. Under condition 3, a localized high stress area of more than 100 MPa was only observed at the pontic side of the connector in the FRC1 and the 70 to 100 MPa stress area was decreased when compared with the C-FPD. www.intechopen.com
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Figure 13 represents the horizontal cross-sectional view of the stress distribution pattern generated by the three different loading conditions in the middle of the connectors of both the C-FPD and FRC1 frameworks. The C-FPD induced a high stress concentration in the outer surface of the connector, whereas the FRC1 induced the same stress in the fiber framework. The maximum principal stress generated in the resin matrix from the connector to the pontic in the C-FPD was relieved and transferred to the fiber framework in the FRC1. On the whole, the maximum principal stress direction pattern of the FRC-FPD models showed a similar tendency to that of the C-FPD. Once the stress direction pattern in the fiber framework of the FRC-FPD models was evaluated, the maximum principal stress was oriented uniformly along the fibers, representing a striking contrast to the C-FPD. Furthermore, the principal stress was oriented randomly at the mesiodistal connectors. This phenomenon was especially obvious in the case of the FRC1 framework. 
FRC-FPD Frameworks
The stress reduction ratio of the maximum principal stress obtained from the differences between the C-FPD and FRC-FPD models (FRC1, FRC2, and FRC3) exhibited that the FRC1 model obtained the highest stress reduction ratio under all loading conditions. It was suggested that the fiber framework, which had been placed within a high stress distribution area of the labial side, effectively bore more tensile stress.
ConcerninFRCC2 and FRC3, inappropriate positioning of the fiber framework placement only affected the stress distribution pattern and not the stress reduction ratio, indicating a small reduction ratio. When investigating the influence of the fiber framework on displacement, it was reduced only at the pontic of the FRC1. When evaluating the displacement distribution pattern of the abutment teeth and connectors, no significant differences were found among the C-FPD and models reinforced with a fiber framework. As for the direction of maximum principal stress on the whole, no significant differences were found among the C-FPD and models reinforced with a fiber framework. At the fiber framework, however, maximum principal stress tended to be directed along the orientation of the fiber and the direction of the fiber framework and maximum principal stress partially coincided with one another. This demonstrated a striking contrast to the C-FPD model, of which the principal stress was oriented randomly at the mesiodistal connectors.
Optimum Design of the Fiber Framework
For prostheses to function successfully for a long time in a rigorous oral environment, it is highly critical to make the most of the anisotropic nature of the fiber framework (ie, having an exceptionally high Young's and elastic modulus along the orientation of the fibers).
Continuous unidirectional glass fiber is used as the reinforcinFRCamework in an FPD.
Obtaining the maximum reinforcement effects of the fiber frame-work and avoiding high irregular stress concentration are very important when designing an FPD. Esthetic treatment for the anterior tooth region often requires utilization of materials with varying color shades. Extensive space is needed to place different combinations of composite shades, especially in the incisal edge region of anterior teeth. In order to achieve good esthetics when working with anterior teeth, a labial space of 0.5 mm is considered to be the minimum for layered veneering composites with different color shades. FRC materials are practical in achieving the natural tooth color with both the layering as well as with the staining technique. Fiber-reinforced anterior FPDs were investigated from a biomechanical and structural point of view and it was found that the optimal fiber reinforcement effect is achieved with a curved FRC extendinFRCom the lingual side of both abutment teeth to the labial side of the pontic base.
Conclusions
1. Localized high stress concentration was observed around the connectors under all loading conditions. 2. In all FRC-FPD models, the fiber framework bore the stress generated, showing the stress-bearing capacity of the FRC framework. The highest stress reduction ratio was obtained with a curved FRC ex-tendinFRCom the lingual side of both abutment teeth to the labial side of the pontic base. 3. Fiber reinforcement also enabled the reduction of the quantified displacement.
Mechanical approach for designing of a posterior FRC FPD
By means of finite element analysis, the optimal design of fiber framework placed in a posterior FRC FPD replacing the mandibular first molar was obtained ( Figure 14) . FRC framework was designed with three different variations each in the pontic and connector www.intechopen.com
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(total nine different models). The results were compared with the control model (hybrid composite FPD without fiber reinforcement) and FRC FPD.
This term consists of (1) A main framework design of FRC FPD against vertical occlusal force using 2D FEM analysis (1st analysis).
(2) The optimal thickness of a main framework for FRC FPD using 2D FEM analysis (2nd analysis). (3) Focused on the possible need of additional FRC support for the pontic. Two types of loading conditions, i.e. against vertical occlusal load, and loading the cusp in lateral movement of jaw, on mechanical behavior of the pontic of hybrid composite FPD (C-FPD) and FRC FPD (FRC-FPD) were studied by 3D FEM analysis (3rd analysis). Hybrid composite is presumed to have the isotropic material properties. The glass-fibers On the other hand, is different from that. The characteristics of fiber are, first it tensile stress is strong in the direction parallel to the fibers. Second, it is weak not only the tensile stress in the direction perpendicular to the fibers but also compression. So we assume that the fiber will have to deal with the orthogonal anisotropic material properties on the stress analysis carried out. The aim was to study the effects of differences in the location of FRC in internal bridge structure on reinforcing effects. This was done by using stress analysis according to the FEM by designatinFRCC as an anisotropic material for the purpose of clinical application of FRC hybrid composite FPD.
Materials and Methods Definition of structures
With a view to replacing the mandibular first molar, two-dimensional finite element models of three-unit bridge from mandibular second premolar to mandibular second molar were created. This model (FRC0) was the base model with no fiber framework reinforcement. FRC0 was to be in the middle of both buccolingual and mesiodistal distances and along the long axis of a crown. Crown contour based on anatomical measurements was obtained.
www.intechopen.com
Finite element analysis for dental prosthetic design 75 Sanitary pontic design was used for missing mandibular first molar. A 1.5-mm occlusal clearance from pit and fissure and a deep chamfer (1.0 mm) were prepared for assumed jacket crown. Axial inclinations of abutment teeth were based on an anatomical study, while thickness and width of connectors were as per described in previous reports. The medial and distal connectors and center of the pontic were selected as the FRC installation locations. The vertical distance from the apex coordinates on the bottom surface of the connectors was designated as A for the connector embedded site. For the center of the pontic, the vertical distance from the lowest point of the pontic was designated as B. These distances were then set at 0.1 mm, 0.5 mm and 1.0 mm for A, and at 0.1 mm, 1.0 mm and 2.0 mm for B (Figure 15) . Nine types of FRC three-unit FPD two-dimensional finite element models were then prepared by combining these distances A and B (Figure 16 ).. In addition, the vertical thickness of the FRC was set at 1.0 mm. Reinforcing effects were evaluated by comparing the maximum principal stress on the pontic side of the connectors with that of the base model followed by comparison of their reduction rates.
Material properties, load case and data processing
Load conditions consisted of subjecting the pontic to a bimodal concentrated load. The amount of the load was defined so that the principal stress of the results of three-dimensional model analysis coincided with the results for the base model, assuming the maximum individual tooth occlusal force of healthy permanent teeth. Restraining conditions consisted of completely restraining the bottom surface of the model. A two-dimensional finite element model that consisted of 15,046 nodes and 5,684 elements ( Figure 17 ). Material properties used for this finite element analysis were listed in Table 1 . Most of these values were determined according to a literature survey [34] [35] [36] [37] [38] . Hybrid composite, which was Estenia (Krarey medical. Tokyo, Japan.) in this study, was assumed to be an isotropic material, while glass fiber was assumed to be an anisotropic material. As in all finite element models, fiber orientation was set to the x-axis. As such, material properties of fiber framework in the x-axis were set to be of the highest values. Analysis was presumed to be linear static. FE model construction and FE analysis were then performed on a PC workstation (Precision Work Station 530, Dell Computer) using a commercially available FEM software, ANSYS 5.7 (ANSYS Inc., USA). 
Results
Stress concentration in the base model was observed on the pontic side of the medial connector, demonstrating a value of 106.82 MPa. The maximum stress reduction rate was observed in the 0.1 mm connector model and 0.1 mm pontic model, demonstrating a value of 29%, while the maximum principal stress was 75.45 MPa. A trend was observed in which the shorter the designated distance was, the greater the stress reduction rate became. A trend was also observed in which the more parallel the direction of the fibers was to the maximum principal stress, the greater the stress reduction rate. (Figure. 18-22. Table 3 )
Conclusion
Contrary to my expectations, the result of the investigation is as follows the stress decrement at model (0.1 connector/1.0 and 2.0 pontic) is smaller than the others. The cause of this result is that it was not identical direction of tensile stress and fibers. So, these models could not show the stress decrement. In the preparation of FRC hybrid composite FPD, it is important that the FRC is embedded at sites at which there is occurrence of tensile stress, and that the fibers are embedded in a form so as to follow the direction of tensile stress. 1 st analysis demonstrated that maximum principal stress applied to mandibular first amolar was decreased from 106 MPa to 75 MPa (approximately 29% stress reduction) by maximizing fiber reinforcement effect. However, the effect of fiber quantity (i.e., vertical thickness of fiber framework) on magnitude and distribution of stress has not yet been fully investigated, which means there are no definite guidelines on this matter. Putting aside the lack of research and lack of guidelines, it is undeniably critical to clarify stress reduction mechanism (or stress-transferring mechanism), which is achieved by reinforcing with fiber framework placed within a limited occlusal clearance. 2 nd analysis, preimpregnated, unidirectional, and anisotropic fiber-reinforced composite with high strength and stiffness in one direction was used to fabricate FPD. Then, from a structural and mechanical perspective, a finite element method was used to investigate the influence of the thickness of fiber framework on magnitude and distribution of stress, and thereby determine the optimal thickness of fiber framework.
Materials and Methods
Definition of structures
The base model using on 2nd analysis is same as 1st analysis. This model (FRC0) was the base model with no fiber framework reinforcement. To optimize reinforcement effect, the shape of fiber framework was as per that described in 1st analysis. Fiber framework (figure 23) was reinforced in the axial direction (or along y-axis). With due consideration for 1.5-mm occlusal clearance, a total of eight fiber framework models were constructed with a thickness of 0, 0. www.intechopen.com Figure 26 shows the maximum principal stress distribution patterns from FRC0 to FRC1.4. With FRC0, maximum principal stresses of 37 MPa were observed in the mesial margin of second premolar, occlusal surface of abutment teeth, connector areas, one half of pontic base, and loading points. Maximum principal stresses of 710 MPa were distributed to gingival connector, pontic base, as well as pit and fissure of both abutment teeth. Maximum principal stresses exceeding 20 MPa were distributed to gingival connector, and a localized high stress of 107 MPa was observed at lower embrasure on pontic of mesial connector. In terms of the influence of fiber reinforcement, significant differences were noted in the maximum principal stress patterns of FRC0.2FRC1.4. With FRC0.2, maximum principal stress (103 MPa) was distributed to the fiber framework. However, maximum principal stress mostly concentrated in a limited area of fiber framework, not showing a uniform stress distribution pattern as compared with FRC0.6FRC1.4. Disparity in maximum principal stress was apparently observed at the interface between fiber framework and resin matrix. However, more disconcertingly, high stress concentration (84 MPa) was observed in regions pertaining to lower embrasure of the connectors, indicating that fiber framework bore little load. It should be re-emphasized that fiber reinforcement was deemed effective only if the stress were transferred from resin matrix to the fiber framework. Concerning stress distribution pattern of pontic in all the finite element models, maximum principal stress was extensively distributed to the pontic. With increase in the fiber framework quantity (i.e., vertical reinforcement), maximum principal stress -which had been concentrated in connector area -was transferred to the fiber framework, whereby maximum principal stresses of 2030 MPa were gradually distributed to the whole fiber framework. Figure 27 shows the directions of maximum principal stress. With FRC0, maximum principal stress was oriented from the lower embrasure of connector to the occlusal surface of abutment teeth, and then to the marginal area parallel to the external form of bridge. At pontic, maximum principal stress was oriented from the upper embrasure of connector (or marginal ridge of pontic) to the pontic base, showing a curvature along the external form of pontic base. On the whole, maximum principal stress showed a M-shaped stress distribution pattern, i.e., connecting the proximal margins of both abutment teeth and being oriented parallel to the external form of bridge near the outer surface. With FRC1.4, maximum principal stress was oriented uniformly along the orientation of fibers, presenting a striking contrast to FRC0, of which the principal stress was oriented randomly at the mesial connector. Figure 28 represents the change in maximum principal stress value of high stress concentration area observed from second premolar distal margin to pontic base to second molar mesial margin. Peak value was detected in the lower embrasure of both mesial and www.intechopen.com 
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Results
Maximum principal stress distribution
Principal stress direction
Stress reduction with vertical reinforcement
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Discussion Maximum principal stress distribution Stress analysis with different quantities of fiber framework revealed that the value of maximum principal stress peaked at the lower embrasure of connectors. With a three-point bending test using bridge specimens, Vallittu 10) demonstrated that a crack which was initiated at lower embrasure of connectors propagated to the loading points. Further, it was commented that high stress concentration in connector area was closely related to bridge design -a suggestion in cordial agreement with the results of this study, which also showed high stress concentration in lower embrasure of connectors. However, high stress concentration in connector area is mainly due to intrinsic morphology of a bridge. As for the stress distribution pattern in pontic, maximum principal stress was efficiently transferred from resin matrix to fiber framework with increasing quantity of fiber framework. This was probably due to the excellent tensile properties of glass fiber to bear more tensile stress, thus causing less tensile stress to be generated in the resin matrix. As for the stress distribution patterns in connectors, they showed a similar behavior as that of pontic, i.e., stress was transferred reliably from resin matrix to fiber framework with increasing quantity of fiber framework. Compared with FRC0, FRC0.2 demonstrated that stresses exceeding 78 MPa were extensively distributed along the orientation of fibers, and that maximum principal stress value at lower embrasure of connectors was reduced to 84 MPa (approximately 21% stress reduction). With increasing quantity of fiber framework (FRC0.4 FRC1.4), maximum principal stress was gradually transferred from resin matrix to fiber framework, such that stresses exceeding 78 MPa were no longer observed in resin matrix from FRC0.6. With increase in the quantity of fiber framework, the value of maximum principal stress in connectors tended to decrease. This was probably due to the exceptionally high elastic modulus of the fiber framework along the orientation of fibers. As a result, the enhanced tensile properties enabled glass fibers to bear more tensile stress generated in the connectors, thus reducing the stress in resin matrix. In this research, FRC1.4 achieved the highest stress reduction ratio, demonstrating a uniform stress distribution pattern without any high stress concentration in the fiber framework. Indeed, Figure 28 confirmed that fiber framework had enough stress-bearing capacity to withstand occlusal force generated in bridge.
Principal stress direction
Maximum principal stress was oriented from marginal ridge of both abutment teeth to pontic base, showing a curve-like stress distribution pattern along the external form of pontic base. On the whole, maximum principal stress distribution showed a M-shaped pattern, i.e., connecting the cervical regions of both abutment teeth. With increasing reinforcement effect of fiber framework, principal stress became more systematically oriented along the major axis of fiber framework. As a result, excellent stress-bearing capacity along the orientation of fibers led to enhanced tensile strength.
The Optimum thickness of fiber framework
In clinical scenarios with a typically limited occlusal clearance, it is highly critical that reinforcement effect be optimized with a relatively small quantity of fiber framework. In this connection, it has been reported -from a structural and mechanical perspective -that fiber framework be reinforced with 0.61.4 mm thickness for 1.5-mm occlusal clearance. Moreover, the higher the quantity of fiber framework, the greater was the reinforcement effect. However, when reinforcement exceeded 0.6 mm, stress-bearing capacity did not improve significantly; on the contrary, a lower stress reduction ratio was yielded. Therefore, it did not seem necessary for fiber framework thickness to be more than 0.6 mm to withstand an average adult's masticatory force in the molar region. Moreover, from esthetic and biomechanical standpoints, at least 0.5 mm of occlusal surface must be overlaid with a veneering composite with highly filled ceramic particles -otherwise, esthetics will be compromised. Putting both stress reduction findings and esthetic/biomechanical considerations together, 0.61.0 mm thickness seemed to be both adequate and appropriate to achieve the desired reinforcement effect, with more than one third of occlusal clearance placed with fiber framework.
Conclusions
1.
Results of finite element analysis showed that for all fiber-reinforced models, the fiber framework bore the maximum principal stress. With FRC0, maximum principal stress of 107 MPa was observed at lower embrasure of connectors. With FRC1.4, on the other hand, only a maximum principal stress of 70 MPa was observed, indicating approximately 34% stress reduction.
2.
In terms of quantified displacement, an area of displacement peaking at 0.02 mm was distributed extensively from occlusal surface to pontic base in FRC0, but which was reduced to a limited area of occlusal surface in FRC1.4. By increasing the quantity of fiber framework, quantified displacement at pontic was reduced, thereby improving significantly the rigidity of bridge. 3.
Significant stress reduction was found in FRC0.2FRC0.6 models, but stress reduction seemingly remained unchanged in FRC0.6FRC1.4.
The present test results revealed that magnitude and distribution of stress were influenced by the thickness of fiber framework, whereby 0.6 mm of vertical reinforcement was deemed both necessary and adequate from a structural and mechanical perspective.
3rd analysis: Introduction
For successful function of the FRC FPD for a long period of time, it is important to clarify biomechanical behavior of posterior FPD, in terms of magnitude of stress, stress distribution pattern and displacement under functional loading. Biomechanical information related to occlusal conditions will be useful in preparing guidelines for clinical applications of FRC FPD. 3rd analysis focused to the design of the FPD, especially on the possible need of additional FRC support for the pontic. Two types of loading conditions, i.e. against vertical occlusal load, and loading the cusp in lateral movement of jaw, on mechanical behavior of the pontic www.intechopen.com
Finite Element Analysis 88
and connecter of hybrid composite FPD and FRC FPD were studied. Stress and displacement generated within the FPD was studied by 3-D FE method. Figure 30 shows a three-dimensional model of three-unit FPD from mandibular second premolar to mandibular second molar replacing the mandibular first molar. To create a finite element model, a FPD replica was fabricated. The geometry of the abutment replica has been described by Wheeler. Sanitary pontic design was chosen for missing mandibular first molar. The thickness and width of connectors of the FPD were followed described in other author's report. A replica was measured with 0.75 mm intervals using 3-D coordinate measuring machine (Micro Scribe 3D, Micro Scribe Inc., San Jose, USA), captured data was plotted on 3-D CAD (Mechanical Desktop R2.0, Auto Desk Inc., California, USA) to construct 3-D solid model. The model was inputted into FE analysis software (ANSYS 10.0 Sp, ANSYS Inc., Houston, USA). A 1.8mm occlusal clearance from pit and fissure, 1.0mm cervical clearance and shoulder margin were prepared for assumed jacket crown. The FRC framework used in this study was 0.7mm in height and 2.1mm in width, and consisted of three continuous curvatures of mesial connector, pontic and distal connector, having an each individual curvature. The FRC framework was placed as well as from mesial side of mandibular second premolar to distal side of mandibular second molar. Material properties, load case and data processing Veneering material was supposed to be hybrid composite resin (Estenia, Kuraray medical Inc., Tokyo, Japan) and it was assumed to be isotropic material. FRC framework was supposed to be unidirectional glass fiber and it was assumed to be anisotropic material. Hexagonal elements with 8 nodes were chosen for cross-sectionally anisotropic FRC framework, in the same way, hexagonal elements with 20 nodes were chosen for hybrid resin-dentin-pulp continuum, and a 3-D finite element model consisting of 70,393 elements with 155,070 nodes was created. To define FRC framework as rectangular anisotropic material, curvature of FRC framework was to be consisted of three continuous curvatures of mesial connector, pontic and distal connector, having an each individual curvature. A new central coordinate of the circle was established for each curvature. Thus, longitudinal axes of glass fibers and 3-D FRC framework were parallel. The final element in all directions of FE model base was fixed, which was defined as boundary condition. Two loading conditions, i.e. against vertical occlusal force referred as vertical load, and loading the cusp in lateral movement of jaw were tested in the model (Figure 31 ). The latter is referred as lateral load. A total of 629N vertical load was applied to eight points on the occlusal surface of the pontic to simulate maximum occlusal force 31, 45) . To simulate loading cusp in lateral movement of jaw, a total of 250 N was applied to three points of the pontic (buccal-cusp incline) at an angle of 45 degrees from lingual direction 46, 47) . FE analysis was presumed to be linear static. Finite element model construction and FE analysis were performed on PC workstation (Precision Work Station 670, Dell Inc., Texas, USA) using FE analysis software ANSYS 10.0 Sp. In considering biomechanical properties of hybrid resin, maximum principal stress and displacement were used to demonstrate the results at certain cross-sections and on the surface of the FPD. 
Material and methods
Definition of structures
Results
In the study, the maximum principle stress (Pmax, MPa) and the displacement (mm) were used to assess the stress distribution of FRC-FPD. The maximum principle stress and the displacement distributions are shown in Figs. 6, 7, 8, and 9 . A color scale with 8 stress values served to measure quantitatively the stress distribution in the model components. The scaling was selected not to represent the yield strength but rather to provide clear visualization of the region of stress. However in the results of maximum principle stress, the range of less than 80 MPa (yellow), from 80 to 90 MPa (orange) and more than 90 MPa (red) were focused. Because the tensile strength of hybrid composite (ESTENIA) is nearly 90 MPa. (Figure 32 ): Surface and mesiodistal cross-section C-FPD showed relatively large displacement of up to 0.04 mm at one third of the buccal side of the pontic. The largest displacement of 0.05～0.07 mm was observed from buccal groove to distobuccal cusp. Displacement of FRC-FPD was 0.03～0.04 mm being slightly less than that of C-FPD. The displacement distribution between C-FPD and FRC-FPD showed similar patterns.
Displacement at the pontic Lateral load
Buccolingual cross-section
On lingual side, displacement of 0.02～0.03mm at C-FPD was observed at one third of the central part of the pontic. Displacement of 0.03～0.04 mm was observed from one third of central part of the pontic to buccal direction. Displacement of 0.04～0.05mmwas observed from buccal one third to buccal side. The largest displacement (0.05～0.07mm) was found at the upper outermost surface of buccal side, buccal groove and its surrounding area. Compared displacement distribution of FRC-FPD with that of C-FPD, it showed a similar pattern.
Vertical load (Figure 33): Surface and mesiodistal cross-section
The largest displacement of C-FPD (0.05～0.07mm) was seen from buccal one third of the pontic to buccal cusp of the pontic and to pontic base. Calculation of FRC-FPD showed a similar displacement distribution than that of around the connector. However, the largest displacement (0.05～0.07mm) was lower in the pontic area.
Buccolingual cross-section C-FPD showed displacement of 0.04～0.05mm from lingual side to the middle of the pontic. The largest displacement of 0.05～0.07mm was found from the middle to buccal side of the pontic. Displacement of FRC-FPD was 0.04～0.05mmwas seen through the whole pontic.
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Maximum principal stress at the pontic Lateral load (Figure 34 ): Surface and mesiodistal cross-section In calculation of maximum principal stress of C-FPD, 70～80 MPa was distributed to areas including pontic base of distal connector and within a pontic. Maximum principal stress of the FRC-FPD, i.e. 80～90 MPa was distributed to the FRC framework of distal connector.
Buccolingual cross-section
In C-FPD, 15～30 MPa principal stresses were distributed to the area from the middle of the pontic to the buccal direction as well as to cusp and fossa on the occlusal surface. Maximum principal stress of FRC-FPD, 15～30 MPa was distributed to the areas from one third of thr pontic to the buccal direction of the pontic. Higher than 30 MPa stresses were exclusively found in FRC framework surrounded by around buccal side of pontic base. Compressive stresses were observed in the center of the pontic. 
Buccolingual cross section of mesial connector Figure 37
Displacement for C-FPD was 0.01-0.02 mm and the displacement area was located in the middle of connector base and on lingual side. Displacement of FRC-FPD was 0.01-0.02 mm and the displacement area was found in the middle part of the connector base and the stress at the lingual side was lower compared with C-FPD.
Buccolingul cross section of distal connector Figure 37
Displacement for C-FPD was 0.03-0.04 mm and the displacement area was at the buccal side of the distal connector. Displacement distribution pattern of FRC-FPD as whole was close to that of C-FPD.
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Vertical load: Surface and mesiodistal cross-section Figure 38 The largest displacement of C-FPD (0.05-0.07 mm) was seen from buccal one third of the pontic to buccal cusp of the pontic and to the pontic base. Calculation of the FRC-FPD showed a similar displacement distribution around the connectors.
Buccolingul cross section of mesial connector Figure 39
Displacement of C-FPD was 0.02-0.03 mm and the displacement area was located from middle to lower part of the connector, whereas other areas showed 0.03-0.04 mm displacement. A similar displacement distribution pattern was observed between the FRC-FPD and the C-FPD.
Buccolingul cross section of distal connector Figure 39
In C-FPD, the largest displacement of 0.05-0.07 mm was seen at the outermost surface of the buccal side. Displacement of FRC-FPD was 0.05-0.07 mm. Although the displacement of FRC-FPD was similar to that of C-FPD, displacement quantification showed significant reduction.
Maximum principal stress at the connecter Lateral load: Surface and mesiodistal cross-section Figure 36
By calculating the maximum principal stress for C-FPD, a stress of 70-80 MPa was distributed to areas including pontic the of distal connector and also inside the pontic. Maximum principal stress of the FRC-FPD, 80-90 MPa, was distributed to the FRC framework of distal connector.
Buccolingual cross section of mesial connector Figure 37
Maximum principal stresses were above 90 MPa and they were distributed to the upper line angle of buccal side of the connector. Maximum principal stress was above 90 MPa and it located in the upper buccal side of connector.
Buccolingul cross section of distal connector Figure 37
Maximum principal stress was above 90 MPa. Displacement of FRC-FPD was 0.02-003 mm and the displacement area was minor compared with C-FPD. Maximum principal stress was higher than 90 MPa and the stresses were distributed to the bottom of fiber framework, indicating that stress of the distal connector was transferred to fiber framework.
Vertical load: Surface and mesiodistal cross-section Figure 38
Maximum principal stress of C-FPD was above 90 MPa and it was distributed to the area including pontic's distal connector as well as to the inner portion of the pontic. In FRC-FPD, maximum principal stresses higher than 90 MPa were found in the FRC framework around the pontic side of lower embrasure of distal connector.
Buccolingul cross section of mesial connector Figure 39
When evaluated maximum principal stress, stresses higher than 90 MPa were distributed to the upper line angle of the buccal side of mesial connector. In addition, localized highest stress concentration of up to 120 MPa was observed in the same area (upper line angle of buccal side of mesial connector. In the maximum principal stress analysis, higher stresses than 90 MPa were observed in the outermost surface of the fiber framework of the lower connector. Comparison to the C-FPD demonstrated stresses being distributed more extensively from the lower part of the mesial connector to the buccal side of the mesial connector. Peak stress was found in the occlusal line angles and they were transferred from the hybrid composite matrix to the fiber framework.
Buccolingul cross section of distal connector Figure 39
In maximum principal stress calculation, higher than 90 MPa stresses were observed in the line angle of the lower lingual side as well as in the lingual and buccal sides of the central part of connector. When evaluated maximum principal stress, stresses higher than 90 MPa were found and they were distributed in the middle part of the distal connector in the C-FPD with a concentration to the bottom part of the fiber framework. This is suggesting stress-transferring mechanism of anisotropic fiber framework which enable distribute stress uniformly. 
Discussion
In this modeling study, it was demonstrated that there are some differences in mechanical behavior of isotropic particulate composite resin and anisotropic FRC FPDs. Also, the stress distribution variation by changing the loading condition was seen. This is important because it has been reported that there might occur delamination of veneering composite from the FRC framework because at undesirable loading conditions (lateral load) with some framework design.
Mechanical behavior of the FPD under lateral load
When taking into consideration the displacement distribution, no significant difference was found between C-FPD and FRC-FPD, showing a similar distribution pattern in all reference cross sections. Lateral load applied to incline of buccal-cusp from lingual direction caused bending force and it was concentrated at buccal side of the pontic. This is probably due to FRC framework placed on the bottom of the pontic could not exhibit good load-bearing capability and buccal-cusp was not veneered with high enough quantity of hybrid resin (insufficient thickness), which is most likely inducing delamination of the composite veneers. When compared maximum principal stress distribution of C-FPD with that of FRC-FPD, higher stress concentrations were not found at the pontics. Stress generated in the pontic of C-FPD was transferred from the areas to the bottom of the FRC framework with higher Young's modulus material (horizontal cross-section) in the FRC-FPD. No significant www.intechopen.com
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difference in the displacement distribution pattern was noted between C-FPD and FRC-FPD. This may suggest that longitudinal FRC along the direction of framework does not provide any support for the veneer over the regular veneering composite.
Mechanical behavior of a bridge under vertical load
Viewed from buccolingual cross section, the stress found in the side and the bottom of the pontic was transferred to the FRC framework, and relatively low stress of 30～60 MPa was found in the buccal side of the pontic base which was transferred to FRC framework, demonstrating good load-bearing capacity that FRC framework can withstand.
Occlusal contact and guideline for FRC framework design
In this analysis, a total of 629N vertical load was applied to eight points on the occlusal surface of the pontic to simulate maximum occlusal force, and a total of 250N lateral load was applied to three points on buccal-cusp incline of the pontic at an angle of 45 degrees from lingual direction to simulate lateral movement of jaw. This can be considered as worst-case scenario loading condition when there is no cuspid protection available and teeth are loaded laterally. The most effective way to reduce stress concentration in mesiodistal connectors and buccal side of the pontic is to decrease magnitude or avoid occlusal contacts of buccal side of the pontic. Technically, the pontic can be reinforced by additional fibers on the main framework. It was suggested that in order to get better stress distribution to the FRC-FPD, the framework design should contain FRC perpendicular to that of main framework. To obtain optimal hygiene, function and esthetics, a wide variety of pontic design are proposed. As for occlusal morphology, buccolingual diameter of a pontic should be 2/3～ 3/4 smaller than that of a missing tooth, and as for occlusal contact, centric stop is defined as an important occlusal contact. Rudo 48) et al suggested in his study that to resist twisting force generated in pontic, orthotropic FRC framework is more effective to anisotropic, unidirectional FRC framework with high strength and stiffness in one direction. Rudo 48) et al also suggested the placement of FRC on the outermost surface of a bridge where crack might initiate. In considering plaque accumulation and esthetics, however, placinFRCC on the outermost surface of a bridge can be difficult. There are evidence that exposed fibers, especially polyethylene fibers adheres significant quantities of oral pathogens on the surface [49] [50] [51] [52] . The authors suggest that it is more appropriate to place FRC framework to the bottom of the pontic, where crack might initiate. The results of this study indicate that high stress concentration in the connectors can be reduced by weakening contacts of buccal cusp When applied 250 N lateral loads to simulate loading the cusp in lateral movement of jaw, localized high stress concentrated in upper line angle of buccal side of mesial connector in C-FPD was disappeared by the reinforcement of FRC framework, avoiding high stress concentration. Peak stress value of 80 MPa is not likely to cause fracture or delamination of the veneer. When applying 629 N vertical load to simulate maximum occlusal force, higher than 90MPa stress were concentrated in upper line angle of the buccal side of the mesial connector and from lingual side to the bottom of the distal connector in C-FPD. The high stress concentration in the mesiodistal connectors was thought to have been caused by twisting moment imposed on the pontic. With the FRC-FPD, this localized high stress concentration area was subsequently transferred to be carried by the FRC framework, and thus avoiding the high stress concentrations. In addition to stress-transfer mechanism, the FRC framework reinforcement also improved the rigidity of the FPD. FRC framework bore more than 90MPa of stress, but considering superb flexure strength and load-bearing capacity of the FRC framework, it corresponds to one seventh of flexure strength FRC framework exhibits. These test results confirmed that correctly designed FRC reinforced composite system possesses adequate strength and safety to withstand maximum occlusal force.
Conclusion
These results clarified the magnitude, distribution of stress and displacement generated in C-FPD and FRC-FPD of pontic caused by two different loading conditions. The results suggested that in order to get better stress distribution to the FRC-FPD, the framework design should contain additional pontic FRC perpendicular to that of main framework.
